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This essay examines the practical problem of how to account for water resources in a comparative analysis of alternative food security policy instruments. In an earlier paper, my co-authors and I analyzed alternative ways of dealing with spikes in global food prices in the Middle East and North Africa (MENA) using a model that combined competitive storage pricing and trade (Larson et al. forthcoming) . In that paper, we did not address the effects of the policies on water use, a shortcoming addressed here. The original paper examined two distinct approaches: a direct market intervention based on a strategic storage program, under which wheat supplies are built-up during normal times and released to dampen domestic wheat prices once they reach critical levels; and an indirect targeted subsidy program that provides the poor with cash payments to offset the effects of high prices on their incomes. Both policies rely on trade, although the storage policy creates space for countries to act autonomously for brief periods when prices are exceptionally high. An approach that was not examined in the original analysis but is considered here is a self-sufficiency policy, under which countries fully detach from global markets to independently produce what they consume. In this paper, I briefly recap the economic costs of the first two policies, exclusive of the implicit shadow price for water resources in the region. I then go on to describe the water footprints of the three alternative approaches and relate the findings to the process of making evidence-based decisions about food security policies.
A sticking point for the type of analysis presented here is finding a way to value water so that comparisons can be made among alternative outcomes for incomes, food security, and resource sustainability. The difficulty originates in the fact that local characteristics largely determine the renewability of water resources, in combination with the fact that water is rarely priced in a way consistent with its sustainable use. To make matters worse, there is usually little political consensus about how water resources should be rationed, absent markets, even though water enters the economy in fundamental ways as a consumption good, a factor of production, and a provider of ecological services. The problem is a general one for natural resources, which are often underpriced if priced at all.
In exceptional cases, policy makers have been able to reach agreement on sustainable levels of use and establish rules that apportion a fixed annual draw down of resources among competing uses. Examples include the tradable permit systems used to allocate annual catches of fish, or limit the annual release of pollutants into the atmosphere. Importantly, once sustainability limits are set by policy makers, markets can be used to discover a price consistent with the efficient use of the resources. Conveniently for economists, price discovery also allows the value of the resources to enter the normal calculus of economic analysis (Larson and Parks 1999; Considine and Larson 2006; Considine and Larson 2012) . Without this however, less satisfying forms of analysis are needed to explain the consequences of policy for the resource's sustainable use.
More specifically to the problem at hand, prices are the common denominator needed for economic comparisons that jointly consider food security and water security. However, because fully representative prices for water are missing, variations in the consequences among food security policies for water security either go unmeasured or are evaluated in qualitative rather than quantitative terms. This makes any subsequent ranking of policy alternatives dependent on subjective valuations
In the case of MENA, wheat and water are both essential components of daily life. In absolute and per capita terms, the region consumes large quantities of wheat and depends on imports for most of it, a dependency driven in large measure by the region's limited supplies of water. Food policies have grave consequences for the poor and potentially important impacts on government budgets, and these are the policy features focused on in our original analysis. At the same time, food policies can have important consequences for water demand; therefore, deciding upon a sustainable approach to food security requires considering whether the policy is consistent with sustainable water use. In this paper, I argue that the set of trade-based policies that are most cost-effective for food security are also the ones most consistent with sustainable water policy in MENA. Still, this is easier to demonstrate in MENA where water is scarce than is generally the case. This underscores a general result of the paper: that economic footprints for water are needed to complement current physical measures.
Background
The data in Table 1 illustrate the importance of wheat for the MENA region. On average, nearly 40 percent of the calories consumed each day in the region can be traced back to wheat. In Algeria and Tunisia, the shares are higher still, reaching 46 and 48 percent of daily caloric intake. Furthermore, the importance of wheat as a source of calories is most certainly higher for poor families whose diets generally depend more heavily on staples like bread and couscous.
Global wheat prices rose sharply in 2008, and in early 2011, with harsh consequences for the region's poor; another round of price increases occurred in late 2012 (Figure 1) . Worldwide, Ivanic, Martin and Zaman (2012) estimate that the 2010-2011 surge in food prices pushed 44 million people into poverty. In Yemen, the authors estimate that poverty rates rose from 17.5 to 18.3 percent of the population simply because of rising food prices. Most concerning is that while the episode of price-driven poverty may be brief for some families, even temporary malnourishment can lead to permanent physical and mental stunting when it occurs during early childhood. The sad consequences of historical malnourishment in the region are given in the last column of Table 1 .
During the most recent episodes of high food prices, governments responded in a variety of ways. In many countries, safety net programs already in place were scaled up. Included in this category are cash transfers, in-kind food transfers, work programs and targeted feeding programs. Some food importers reduced import or sales taxes and some countries offered general subsidies for consumers (Alderman and Bundy 2012; Skoufias et al. 2011; Wodon and Zaman 2010) .
In a few cases, food exporters imposed or threatened export restrictions in order to lower food prices at home. Included in this group were significant wheat exporters, such as Kazakhstan, Russia and the Ukraine (Heady 2011). This class of interventions in particular heightened concerns among wheat importers in MENA, since export bans can disrupt physical supply chains. In consequence, the policies also gave impetus for governments to reconsider strategic storage strategies in order to limit the effects of price spikes and policy-driven disruptions to physical supply chains. In some cases, governments supervise the wheat supply chain in its entirety in order to manage domestic prices. This approach to food security, once common, was abandoned by most countries in the later decades of the 20th century, as the policy proved ineffective or economically unsustainable in the long run (Larson et al. 2004 ).
Promoting self-sufficiency is another policy element that has seen renewed interest. It has a strong political appeal for many policy makers since it reduces import dependency, thereby providing a way for governments to manage imported food price volatility and the risks of supply disruptions on their own terms. Even so, unless achieved through increases in productivity, self-sufficiency as a policy goal can be expensive to achieve, not only in economic terms but in terms of a region's natural resource base. As a whole, the volume of renewable freshwater resources available in the region on a per capita basis is quite low in comparison to other regions ( Figure 2 ). Moreover, with the exception of Bahrain and Djibouti, most of the region's freshwater resources are already used for agriculture (Table 2) . Past attempts by governments in the region to devote additional water resources to agriculture in pursuit of self-sufficiency goals largely resulted in a more rapid depletion of those resources (Al-Saleh 1992, and Allan 2001) . Even now, the volumes of water used for agriculture are uneconomical in many places, were water appropriately priced; going forward, growing populations and urbanization will put further pressure on limited water resources. As a variation of national self-sufficiency, countries have also utilized sovereign wealth funds to acquire land and water resources in other countries (Deininger and Byerlee 2012).
For a long time, most governments in the region have relied on public and semi-public agencies to manage some aspect of the wheat supply chains, and in recent years those agencies have greatly expanded their capacity to hold precautionary stockpiles of wheat. The wheat stocks are strategic in the sense that the levels held go beyond what is needed in the normal course of business. Figure  3 illustrates this point. The level of current and planned wheat storage capacity for selected countries in the region is given on the left axis, while the capacity translated into months of average consumption is given on the right. On average, the reported countries will soon have the capacity to hold enough wheat to cover more than 7.7 months of consumption, with several countries holding enough wheat to meet local demand for more than a year without imports. Though not fully articulated in policy statements, the strategic reserves are meant as a buffer against a spike in food prices and as a precaution against supply disruptions.
Policy alternatives
As discussed, the analysis reported in Larson et al. (forthcoming) looks at a formal set of rules for addressing wheat price volatility using strategic stockpiles of wheat. It then compares the cost of the policy to a targeted subsidy program that issues direct payments to the poor when food prices spike. Still, outcomes from the two policies are not strictly comparable, since strategic storage policies also protect against potential supply disruptions while cash transfers do not. And while physical supply chain disruptions are rare worldwide, the history of conflict in the Middle East, the region's geography, and the crucial role of wheat imports in the everyday life of the region's citizens prompt policy makers' concern. With this in mind, the difference between the costs of the two policies can be interpreted as the cost of protecting against unlikely but potentially severe consequences of embargoes, blockades, or other supply disruptions.
Briefly, a strategic storage policy works by accumulating inventories during periods of normal prices and releasing inventories when prices exceed a trigger price in order to boost local supplies and drive down prices. The policy fails when inventories are exhausted, so a chief concern is to make sure that the stockpiling rules are robust and stocks are sufficient under a variety of contingencies. Three decision variables combine to determine the frequency of government interventions and the probability that strategic storage levels are sufficient. The first is the trigger price itself. Setting the price high relative to historical prices means that interventions occur less frequently, but it also means that periods of moderately high prices must be tolerated. The amount of storage matters too. Storing more means that greater volumes can be released and a greater number of consecutive release periods can be sustained. And finally, the rate at which stocks are replenished matters as well. Once inventories are released, they must be rebuilt in order to address the possibility of another price spike in the short-term.
Monetary program costs
Using a calibrated model of wheat trade and storage in MENA, the costs of the two policies were estimated through stochastic simulations, where interventions are expected to be relatively rare, occurring on average once every ten years. The numerical model, described fully in Larson et al. (forthcoming) , uses a rational expectations framework, where private sales and storage decisions are conditional on carryover inventories. It also takes into consideration rules that pertain to public storage.
A key result from the modeling exercise is depicted in Figure 4 . It shows that the program is effective in reducing price variability (as measured by the price coefficient of variation on the right axis) in a non-linear way. Price volatility falls rapidly as stock targets reach about half (six-months) of average annual consumption, but further reductions are negligible thereafter. Nonetheless, program costs (measured on the left axis) rise linearly. Figure 5 shows the cost of an alternative policy of issuing direct payments when wheat prices spike. The compensation is set at the difference between the trigger price used under the strategic storage policy and the prevailing domestic price of wheat, which in turn is determined by the prevailing international price of wheat. As the figure shows, the average cost of the program is quite low at $53 million per year. This low average comes about in part because the trigger is set so that interventions are infrequent. All the same, when interventions are needed, the price tag can be high. In simulation, the policy included one year in which costs fell just short of $US 1.4 billion. Even so, the policy is inexpensive when compared to a strategic storage policy where recurring costs of nearly $US 960 million is needed to achieve significant reductions in price volatility. In fact, even when the subsidy program is extended to include everyone, regardless of need, the average cost of the subsidy program is $US 142 million per year.
Program costs in water
What then are the consequences of the policies for water? To get to that answer, it is important to note that both the strategic storage and the targeted subsidy programs are based partly on trade and that this has consequences for water use. Specifically, in the simulations used to evaluate the competing policies, domestic supplies fluctuate some in response to rising and falling prices but average production varies around the current production and trade levels used to calibrate the model. This provides a baseline for evaluating the effects of the policies on water resources (Larson et al., forthcoming) .
In an ideal world, the traded price of wheat would include the full cost of the water, inclusive of externalities, and other inputs used to produce it, as would the domestic price of wheat. Under these conditions, the full resource costs of water and all inputs would be properly accounted for in the price-based economic analysis already reported. As noted, this is not the case; however, it is possible to say something about the consequences of the policies for sustainable water practices.
Because of the interactions of climate and agronomy, the amount of water used to produce wheat varies depending upon the conditions under which it is produced. In recent decades, scholars have worked to calculate the average amount of water used to produce wheat, based on where it was produced. This physical measure is referred to as the water footprint of wheat from a given location, or the virtual water content of wheat. Because of their interest in sustainable practices, economists and others who study water policy distinguish among types of water based on how easily the water resources are renewed. Consequently, information about differences in the water footprints of imported and domestically produced wheat can be used to say something about the consequences of food security policies on sustainable water use.
Based on Mekonnen and Hoekstra (2010) , Figure 6 reports the water content of wheat imported into the region, based on points of origin, and compares it to the water content of wheat produced in Egypt, which, for lack of a more comprehensive measure, is taken as representative of wheat produced in the region. As the figure shows, on average about 2,300 cubic meters of water is needed to produce wheat imported into MENA, while wheat in Egypt requires about one-third less water, roughly 1,500 cubic meters. However, there are differences in the nature of the water used. As is generally the case for food grains (Aldaya, Allan and Hoekstra 2010), traded wheat is primarily grown in rainfed environments, so that roughly 95 percent of the water used is renewable "green water". In contrast, most wheat grown in MENA relies on irrigation, that is, "blue water", which is subject to competing uses in diverse locations. More non-potable recycled "grey water" is used to produce wheat in MENA as well.
The data in Figure 7 were generated by projecting these water-use rates onto the production and trade statistics used to calibrate the model. The figure shows that, on average, the annual volumes of water used to produce the wheat consumed in the region were about equally divided between domestic and foreign sources.
But is this outcome a good one? To start to answer this question, it should be kept in mind that the water outcomes described in the table are driven in part by water policies in the relevant domestic and foreign markets. In an absolute sense, because water is generally mis-priced water, the outcomes could only be optimal by chance. However, taking a more pragmatic approach, the answer depends on how domestic blue water is valued from the vantage of a policy maker in MENA.
For didactic purposes, write out the wheat profit function, = ( , ) − + ( ) where is the price of wheat at the border; where ( , ) is a production function representative of how wheat is produced in country ; where is the water used and is a vector of all other inputs used to produce wheat in country ; where is the minimum price of water in country consistent with sustainable use; and where is the total cost in country of all other inputs used to produce wheat. Holding prices and other inputs constant, maximized profits are characterized by the condition: ( / ) = . Now consider two regions, ∈ { , } where represent domestic production in MENA and represents the world of exporting countries. A ratio of the corresponding first-order condition gives:
In words, equation 1states that for trade in wheat to result in an optimal water-resource outcome, the ratio of marginal products of the virtual water used to produce wheat in MENA and wheat imported into MENA must equal the ratio of their respective sustainable shadow prices.
Returning to problem at hand, the average amount of water used to produce a ton of wheat in MENA is 1,500 3 and 2,300 3 is used to produce imported wheat. If average and marginal rates are nearly the same, then equation 1 can be used to evaluate whether the trade in virtual water implicit in traded wheat is optimal. Plugging in the two water footprints then suggests that the trade-off between domestic water used to produce wheat and the virtual water obtained by importing wheat is optimal only if the predominately blue domestic water is worth 1.53 times the value of the predominately green, imported virtual water. As already discussed, since the trade in virtual water implied by the trade in wheat is not driven by markets, there is no reason to think that this is an optimal outcome. More to the point, since the water used to produce imported wheat is rain-fed, its sustainable shadow prices (the denominator in the right-hand side element of equation 1) is likely quite low, suggesting that more wheat (and more virtual green water) would be imported, if true resource costs were considered.
In a similar way, it is possible to look at the water content implicit in a strategic storage policy. The cost of the program, denominated in categories of water is given in Figure 8 . Because, at the margin, it is imported wheat that is stored, the costs of the storage program grows linearly in all types of water; however, because most of the imported grain is rainfed, the virtual water stored under the program is mostly green.
What about solving the problem of volatile food prices by producing more at home? In theory, this could be accomplished by expanding irrigation to the point where the region is self-sufficient. It is important to note that while irrigated production is less volatile than rainfed production, supply uncertainty and risk and remain. So what would self-sufficiency cost in terms of water resources and what would the consequences be for food certainty?
There is little available information on the relative variability of rainfed and irrigated production in MENA, but it is possible to get at a rough answer by borrowing coefficients from a study by Assefa et al. (2012), which puts the coefficients of variation of rainfed and irrigated wheat yields in Kansas at 0.24 and 0.15. (It is likely that rainfed wheat is more variable in MENA than in Kansas, but the net effect would be to move the starting point for the production variability line up the left axis and steepen the slope.) Based on these numbers, Figure 9 shows the cost in blue water of obtaining greater levels of self-sufficiency, as domestic production (right axis) goes from zero to 67.4 million tons of production, an amount sufficient to cover annual consumption in the region. On the left axis, the graph also shows the decline in production uncertainty as the share of irrigated production grows. On the horizontal axis, the graph also shows that the resource cost of increasing selfsufficiency climbs and reducing production variability grows from zero to more than 61 billion cubic meters of blue water, a volume equivalent to more than two-thirds the annual discharge of the Nile River, based on an estimated flow of 250 cubic meters per day.
In the case of MENA, most policy makers concur that self-sufficiency is an unrealistic policy objective, since the share of available blue water required for self-sufficiency is so large. However, the question of whether MENA should be more or less self-sufficient in wheat is harder to answer because the economic footprint of water, that is, its opportunity cost is largely unknown. In other words, a physical measure of the effects of a food security policy may be sufficient to inform a choice among alternatives, but only when the tradeoffs are extreme.
Conclusions: Policy choices and mixed metrics
The results of the analysis for each policy alternative are summarized in Table 3 . In terms of program costs, the analysis shows that targeted subsidies are, on average, much less expensive to finance than a strategic storage program, even when the storage program is designed to respond to rare price spikes. The model simulations suggest that protecting the poorest 40 percent of the population in MENA using vouchers or other direct transfers would cost $US 53 million annually, while protecting everyone would cost about $US $142 million. This compares to the average annual cost of $US 959 million estimated under a strategic storage program.
Under each of the three scenarios, the additional costs to water security would be negligible. This is because trade remains open under the policies, leaving domestic production unaffected. As a consequence, the annual domestic consumption of blue water remains constant, regardless of which policy is implemented.
This is easy to see in the case of direct payments, since vouchers rather than physical supplies of wheat are distributed. Still, the result holds under the strategic storage regime as well. Specifically, under a storage program where the storage target is set equivalent to 40 percent of annual consumption, accumulated wheat stockpiles would require about 69 billion cubic meters of water to produce. However the water consumption, which is stored virtually, would originate outside the region. What's more, most of the total, 65 billion cubic meters of stored virtual water, would come from renewable sources. (Recall Figure 8 .) In addition, as discussed in Larson et al. (2013) , a public storage program in MENA would result in lower private storage outside of MENA, so much of the estimated virtual water stored under the policy would be stored elsewhere were a version of the targeted subsidy program implemented instead. For all of these reasons, the net effect on domestic water consumption would be nil.
The opposite is true of policies that promote increased self-sufficiency. In the case of MENA, the cost of self-sufficiency in terms of blue water is quite high, driving the demand for blue water from 36.4 billion cubic meters annually to nearly 61 billion. As discussed, an already high portion of blue water in MENA is devoted to agriculture and it is unlikely that a self-sufficiency program could be sustained, especially given projected increases in the region's population.
Taken together, these results constitute the main finding of the paper: trade-based food security policies need not adversely affect the sustainability of domestic water resources, but policies that emphasize greater self-sufficiency will.
The analysis also reveals the need to develop economic footprints for water that correspond to the physical measures already developed, and this constitutes a second finding. Because, in general, water is not priced in a way consistent with sustained levels of use, comparisons among food policy outcomes become complex and subjective. Based on very rough measures, a ton of wheat imported into MENA results in a global net savings of 882 cubic meters of blue water, and 321 tons of grey water, but these savings come at an expense of 1,944 tons of renewable green water. But what does this mean for food security policy? Should MENA strive to be less self-sufficient in wheat? Probably so, but without a better knowledge of the opportunity costs of water, it is difficult to rank alternative solutions succinctly in economic terms.
The dilemma of trying to match environmental and economic outcomes is a well-established one and the reason why valuation methods are a pillar of environmental economics. Though the arguments around methodology are technical and sometimes obtuse, the methods themselves are important because they are used to inform real debates about decisions that have crucial consequences. Food and water are deeply entwined for policy making in the Middle East and North Africa, and producing food is just one of several uses of the region's limited supply of water. Finding a way to value water, to judge its economic footprint, is a needed first step to managing water resources in responsible and sustainable ways. Self-sufficiency and a 9-point reduction in the CV of wheat production Purchasing self-sufficiency and reduced production variability with water production variability (left) production (right)
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